Objective-To study the acceptor specificity for human ABCG1 (hABCG1)-mediated cholesterol efflux. Methods and Results-Cells overexpressing hABCG1 were created in Chinese Hamster Ovary (CHO-K1) cells and characterized in terms of lipid composition. hABCG1 expressed in these cells formed homodimers and was mostly present intracellularly. Cholesterol efflux from hABCG1 cells to HDL 2 and HDL 3 was increased but not to lipid-free apolipoproteins. A range of phospholipid containing acceptors apart from high-density lipoprotein (HDL) subclasses were also efficient in mediating ABCG1-dependent export of cholesterol. Importantly, a buoyant phospholipidcontaining fraction generated from incubation of lipid-free apoA-I with macrophages was nearly as efficient as HDL 2 . The capacity of acceptors to induce ABCG1-mediated efflux was strongly correlated with their total phospholipid content, suggesting that acceptor phospholipids drive ABCG1-mediated efflux. Most importantly, acceptors for ABCG1-mediated cholesterol export could be generated from incubation of cells with lipid-free apoA-I through the action of ABCA1 alone. 
I n atherosclerosis, cholesteryl ester deposition in macrophage foam cells occurs because cholesterol accumulation exceeds the capacity of the cells to export excess cholesterol to extracellular acceptors. The inverse relationship between plasma high-density lipoprotein (HDL) levels and atherosclerosis risk is thought to reflect in part the role of HDL and its apolipoproteins (mainly apoA-I and apoA-II) to act as cholesterol acceptors. 1 This is highlighted by Tangier disease, in which genetic deficiency in the ATP-binding cassette (ABC) transporter ABCA1 leads to low HDL levels and macrophage foam cell formation. 2, 3, 4 ABCA1 is a key regulator of cholesterol and phospholipid export to lipid-free apolipoproteins, forming nascent HDL, but it unlikely to be involved in cholesterol export to mature HDL. 5 Recently, ABCG1 was identified as a more likely mediator of cholesterol transport to HDL. ABCG1 belongs to the ABCG subfamily, which comprises a number of ABC half transporters that are implicated in sterol metabolism and drug resistance in various tissues. 6 ABCG1 is thought to require another half transporter, either by homodimerization or heterodimerization, to form a functional complex. 7 Expression of this ABC transporter is highly upregulated during macrophage differentiation and cholesterol loading and downregulated by cholesterol depletion and statins. 8, 9 Several recent studies have indicated that mouse 10 and human 8, 11 ABCG1 stimulate cholesterol export to HDL but not to lipid-free apoA-I. Targeted disruption of ABCG1 in mice on a high-fat diet led to extensive lipid accumulation in tissue macrophages, whereas overexpression of ABCG1 protected against dietinduced lipid deposition. 12 No change in total plasma HDL was found in these mice, suggesting that the most important action of ABCG1 may be in tissue macrophages.
In the present study we have used a cell line stably overexpressing hABCG1 to characterize the transporter and its acceptor specificity. We confirm that ABCG1 stimulates export of cell cholesterol to HDL but not to lipid-free apoA-I or apoA-II. We furthermore identify that ABCA1-mediated lipid efflux transforms apoA-I into an efficient substrate for ABCG1-dependent cholesterol efflux, in proportion to the phospholipid content of lipidated apoA-I. ABCA1 and ABCG1 may therefore act in series to mediate lipid efflux from macrophages to apoA-I. This suggests that macrophage ABCG1 may be a major contributor to cholesterol efflux to apoA-I as well as to mature HDL.
Methods
For a full description of the methods used, please see the online supplementary methods at http://atvb.ahajournals.org.
Plasmid Constructs
Full-length human ABCG1 (hABCG1) cDNA was generated from THP-1 macrophages, incubated overnight with 22(R)-hydroxycholesterol (10 mol/L) to upregulate ABCG1 expression. Primers for a nested polymerase chain reaction (PCR) strategy were designed using mRNA sequence NM_016818 (Table I , available online at http://atvb.ahajournals.org), which encodes for a 674 AA protein.
Constructs were generated with either a V5 or myc tag at the C-terminus.
Cell Cultures
CHO-K1 cells (ATCC) were used for transient and stable transfection of hABCG1. THP-1 monocytes (ATCC) were differentiated to macrophages using phorbol myristate acetate. Baby hamster kidney (BHK) cells expressing human ABCA1 under the mifepristone inducible GeneSwitch system 13 were a generous gift from Dr Ashley Vaughan (Department of Medicine, University of Washington, Seattle, Wash).
RNA Isolation and Gene Expression Analysis by Quantitative Reverse-Transcription PCR
Semi-quantitative reverse-transcription PCR and quantitative (realtime) PCR were performed as described in supplementary methods.
Lipoproteins and Acceptor Particles
Lipoproteins and apolipoproteins were prepared from human serum or plasma and phospholipid-apoAI discs and PC small unilamellar vesicles (PC-SUV) generated as previously described. 14, 15, 16 
Cholesterol Efflux Assays
Parent and hABCG1-expressing CHO-K1 cells were labeled for 24 hours with [ 3 H]cholesterol (Amersham), washed, and equilibrated for 90 minutes in serum-free medium, then incubated in efflux medium containing bovine serum albumin (1 mg/mL) Ϯ acceptors for up to 6 hours. Cells and media were assayed for radioactivity and cholesterol mass. Efflux is cholesterol present in medium as a percentage of total cholesterol in the culture.
Homodimerization
CHO-K1 cells were transiently transfected with hABCG1-myc alone, or hABCG1-myc plus hABCG1-V5. Nontransfected cells were a control. Cell lysates were immunoprecipitated with anti-V5, and the pellet was separated by SDS-PAGE and blotted with anti-myc.
Western Blotting and Immunofluorescence Microscopy
Details of Western blotting, cell staining, and microscopy are in supplementary methods.
Results

Generation and Characterization of a Cell Line Stably Overexpressing hABCG1
To determine the role of ABCG1 in cholesterol transport, we generated CHO-K1 cells stably expressing hABCG1. Figure  1A and 1B show that these cells express hABCG1 RNA and protein, whereas no ABCG1 was detected in the parent cells. Cells expressing hABCG1 were viable and proliferated at the same rate as the parental line (data not shown). The expression of hABCG1 also had no effect on cellular free (control versus hABCG1; 54.8Ϯ4.6 versus 47.7Ϯ7.2 nmol/mg cell protein; nϭ6 experiments) and esterified cholesterol (5.2Ϯ2.8 versus 7.1Ϯ1.9 nmol/mg cell protein). The percentage of cholesterol esterified was slightly higher in hABCG1-expressing cells (12.6Ϯ3.6%) compared with controls (8.6Ϯ3.1%), as described, 11 but this difference was not significant (paired t test, PϽ0.05 for significance). Introduction of hABCG1 also had no effect on the level of expression of endogenous hamster genes ABCG1 (which was very low), ABCA1, low-density lipoprotein receptor (LDL-R), or HMGCoA-reductase ( Figure I , available online at http://atvb.ahajournals.org).
hABCG1 protein displayed a largely perinuclear distribution ( Figure 1C ), similar to that previously reported in human macrophages 17 and in fibroblasts expressing gfp-ABCG1. 18 However, some protein could be detected on the cell periphery, presumably at the plasma membrane. This was not investigated in detail.
ABCG1 Can Form Homodimers
Earlier studies 10, 11 have shown that overexpression of ABCG1 alone induces transport activity, consistent with its function as a homodimer, although it does not exclude the possibility that transfected hABCG1 may dimerise with other endogenous ABC half-transporters to form a functional complex. To more directly determine whether hABCG1 can homodimerize, cells were transfected with hABCG1-myc alone or a combination of V5 and myc-tagged hABCG1 and cell lysates subjected to immunoprecipitation (IP) with anti-V5 antibodies. Nontransfected cells were included as a control for detection of nonspecific IP products, whereas cells expressing hABCG1-myc only were used to control for nonspecific immunoprecipitation of hABCG1-myc. Figure  1D shows that hABCG1-myc coprecipitated with hABCG1-V5 only in cotransfected cells, consistent with the formation of V5/myc hABCG1 homodimers. Figure 2A shows that hABCG1 expression increased cholesterol efflux to both HDL 2 and HDL 3 as previously shown. 10, 11 Incubation of control cells with HDL also caused efflux of (Figure 2A , control). Consistent with others, 10, 11 we found lipid-free apoA-I did not stimulate cholesterol efflux, nor did apoA-II ( Figure 2B ). However, lipidation of apoA-I with only PC to form PC/apoA-I discs was sufficient to generate an acceptor as efficient as HDL 2 at 25 g protein/mL. Figure 2C shows the concentration dependence of [ 3 H]-cholesterol efflux from ABCG1 expressing and control cells to HDL 2 . The rate of efflux was greater from ABCG1-expressing cells at all HDL concentrations. However, the increment in efflux as HDL concentrations increased at higher levels was similar for both cell lines. This suggests that there are at least 2 components of [
Acceptor Specificity for ABCG1-Mediated Efflux
3 H]-cholesterol efflux to HDL 2 ; an ABCG1-dependent process that is saturated at relatively low HDL 2 concentrations, and an ABCG1-independent process (possibly exchange) that predominates at higher HDL 2 concentrations. This is shown more clearly in Figure 2D , in which "ABCG1-specific" efflux is shown as the difference between the rates of efflux of cholesterol from hABCG1-expressing and control cells. The ABCG1-specific contribution to cholesterol export reached a maximum at Ϸ10 g HDL 2 protein/mL. This concentration of HDL 2 was used in most subsequent experiments.
As efflux of [ 3 H]-cholesterol can represent mass export and/or exchange of label, we also directly measured changes in cholesterol mass between cells and medium after addition of HDL ( Figure 2E ). This confirmed that expression of hABCG1 stimulates net mass cholesterol export from cells to HDL 2 . In contrast, no detectable export of cholesterol mass could be measured from control cells to HDL, suggesting that the export of 
Human Macrophages Incubated With Lipid-Free ApoA-I Generate an Acceptor for ABCG1-Mediated Cholesterol Efflux
The experiments with natural and reconstituted HDLs indicate that a variety of lipidated particles are capable of acting as acceptors for lipid efflux from hABCG1-expressing cells. It is known that macrophages transfer cellular cholesterol and phospholipid to apoA-I to form "nascent HDL" particles. 19, 20 To determine whether these particles are sufficiently lipidated to stimulate ABCG1-dependent lipid efflux, we conditioned apoA-I by incubation with THP-1 macrophages for 24 hours. Figure 3A shows that THP-1-conditioned apoA-I stimulated [ 3 H]-cholesterol efflux significantly relative to lipid-free apoA-I, and this stimulation was greater for ABCG1-expressing cells than controls. In the same experiment, mass cholesterol export from hABCG1-expressing cells to "conditioned apoA-I" was similar to label (8.7Ϯ1.5% after 6 hours) but for control cells mass efflux was the same as efflux to lipid-free apoA-I (2.7Ϯ0.2% per 6 hours), suggesting again that cholesterol export from control cells was merely caused by exchange of label and not by active cholesterol transport. The degree to which lipidation of apoA-I by THP-1 macrophages converted the apoA-I to an efficient acceptor for ABCG1-mediated cholesterol efflux was time-dependent ( Figure 3B ) and increased if the THP-1 cells were first cholesterol loaded and/or the cell number-to-medium volume ratio increased (data not shown). These are conditions that increase lipidation of apoA-I. 19, 20 Therefore, we measured the cholesterol and phospholipid composition of all THPconditioned apoA-I media and compared this with their ability to stimulate ABCG1-dependent cholesterol efflux. THP-1-conditioned media contained predominantly unesterified cholesterol, phosphatidylcholine (PC), and sphingomyelin (SM). There were approximately equimolar amounts of PC and sphingomyelin in these conditioned media (PC/ SMϭ1.14Ϯ0.30; nϭ7). We found a strong association between the total phospholipid content of conditioned media and their ABCG1-dependent efflux activity ( Figure 3C ). Of the lipids, the strongest correlation was with PC content (Rϭ0.92), whereas cholesterol content was less strongly associated (Rϭ0.77)
Under the same experimental conditions as used here, it was previously shown that only a minor proportion of apoA-I becomes lipidated by THP-1 macrophages. 19 We anticipated that it was this "nascent HDL" population of lipidated apoA-I that was active in inducing ABCG1-mediated cholesterol efflux. Therefore, THP-1-conditioned apoA-I was collected and separated by ultracentrifugation into d Ͻ1.25 ("nascent" HDL) and d Ͼ1.25 (lipid-free/poor apoA-I) fractions. Consistent with previous work, 19 only 7% to 8% of the added apoA-I was recovered in the lipidated (dϽ1.25) fraction. This fraction was a much more efficient acceptor for ABCG1-mediated cholesterol efflux compared with the lipid-poor/free apoA-I (both tested at 10 g apoA-I/mL; Figure 3D ). The results clearly indicate that the buoyant, lipid-containing fraction that contains the "nascent HDL" is most active in stimulating cholesterol efflux from hABCG1-expressing cells.
ABCA1 Activity Alone Is Sufficient to Generate an ABCG1 Acceptor
The previous experiments showed that lipidation of apoA-I by THP-1 macrophages, which was most likely dependent on their endogenous ABCA1 activity, was sufficient to convert apoA-I into an acceptor for ABCG1-mediated cholesterol efflux. However other possible mechanisms also exist; for example, apoA-I also stimulates secretion of apoE from human macrophages, 21, 22 which also contributes to the formation of "nascent" HDL by these cells. 19 To determine whether ABCA1 activity alone was sufficient to generate an acceptor for ABCG1-dependent efflux, we moved to a simpler system for apoA-I lipidation, using BHK cells stably transfected with human ABCA1 under a mifepristone-inducible expression system. 13 In these cells, ABCA1 is essentially undetectable in basal conditions but is rapidly and highly expressed after exposure to 10 nmol/L mifepristone ( Figure 4A ). This is associated with a marked increase in apoA-I-mediated cholesterol and phospholipid efflux from these cells. 13 ABCA1 expression in the mifepristone-treated cells remained high throughout the experiment ( Figure 4A ). Figure 4B shows that apoA-I that was preincubated with BHK cells without mifepristone had little effect on cholesterol export from control cells and was indistinguishable from lipid-free apoA-I not exposed to cells. In contrast, apoA-I conditioned by exposure to ABCA1-expressing BHK cells stimulated a large increase in cholesterol export from hABCG1-expressing cells but not from control cells. This indicates that ABCA1 activity alone is sufficient to convert lipid-free apoA-I into an efficient acceptor to stimulate ABCG1-dependent cholesterol efflux. Under the same conditions, bovine serum albumin-only control media incubated with BHK cells did not stimulate cholesterol efflux from control or ABCG1-expressing cells above basal levels (data not shown). Thus, the generation of an ABCG1 acceptor was dependent on apoA-I and did not reflect nonspecific acceptor release by the BHK cells. The phospholipid content of the apoA-I containing media exposed to BHK cells was strongly correlated with the cholesterol efflux capacity ( Figure 4C ), again suggesting that ABCG1-mediated cholesterol efflux is driven by acceptor phospholipids. Stimulation of ABCG1-mediated cholesterol efflux was achieved when the total phospholipid (PL) concentration in the medium was as low as Ϸ1 nmol/mL. In comparison, HDL 2 as used in these experiments contributed Ͼ6 nmol phospholipid/mL ( Figure 3C ) (627 nmol phospholipid/mg HDL protein; added to medium at 10 g protein/mL). These results indicate that relatively lipid-poor apoA-I, produced from lipidation of lipid-free apoA-I via the action of ABCA1 alone, is capable of inducing ABCG1-mediated cholesterol efflux from cells.
Phospholipid Alone Stimulates Cholesterol Efflux From ABCG1-Expressing Cells
Because previous experiments showed a strong correlation between hABCG1-mediated cholesterol efflux and the phospholipid content of the acceptors, we examined the possibility that phospholipid-only-containing acceptors would be sufficient to induce ABCG1-mediated cholesterol efflux. Figure  5A shows that cholesterol efflux to PC-containing small unilamellar vesicles (PC-SUV) was similar to that stimulated by PC/apoA-I discs when matched for phospholipid concentration. As was previously found for HDL 2 , the rate of
3 H]-cholesterol efflux to PC-SUV was dose-dependent and greater from hABCG1-overexpressing than control cells (Figure 5B) . The ABCG1-specific component of efflux ( Figure  5C ) reached saturation at 30 to 40 nmol/mL. In comparison, HDL 2 reached saturation at a much lower phospholipid concentration (10 g/mL HDL 2 protein, which corresponded to 6.3 nmol/mL total phospholipid) ( Figure 3C ). Therefore, the presence of phospholipid alone, although a requirement for inducing ABCG1-mediated cholesterol efflux, was less efficient compared with acceptor particles that contain apoA-I in combination with phospholipids.
Discussion
It is clear from recent studies that ABCG1 is emerging as a major contributor to cholesterol export from macrophages. Its expression is highly responsive to cholesterol status. 8 ABCG1 overexpression protects tissues from cholesterol accumulation, whereas its ablation leads to accumulation of high levels of neutral sterols in tissue macrophages without any changes to plasma HDL levels, 12 suggesting that the main mode of action may be predominantly in tissue macrophages. Until now, it was thought that whole HDL and/or its subfractions were the most likely acceptors for ABCG1-mediated cholesterol export. We show here that a range of phospholipid-containing acceptors other than HDL subclasses are efficient in mediating export of cholesterol via ABCG1. Furthermore, a buoyant phospholipid-containing fraction generated from incubation of lipid-free apoA-I with macrophages was nearly as efficient as HDL 2 . Most importantly, acceptors for ABCG1-mediated cholesterol export can be generated from incubation of cells with lipid-free apoA-I through the action of ABCA1 alone. This implies a potential synergistic relationship between ABCA1 and ABCG1 in peripheral cholesterol export, where ABCA1 lipidates lipidpoor/free apoA-I to generate nascent or pre␤-HDL, and these particles in turn serve as substrates for ABCG1-mediated cholesterol export. It should be emphasized that efflux to apoA-I via ABCG1 requires previous conversion of apoA-I into a phospholipid-containing acceptor, and that ABCA1 can, but ABCG1 cannot, perform this conversion.
In macrophages, expression of ABCA1 and ABCG1 are regulated via similar mechanisms, consistent with their coordinated activity in cholesterol export. 9, 23 Recently, another example was presented of potential coordination between ABCG-transporters and an ABC full transporter in mice. The heterodimers ABCG5 and ABCG8, 2 half transporters from the same subfamily as ABCG1, were shown to be dependent on activity of Mdr2, a phospholipid transporter necessary for secretion of cholesterol into bile. 24 Further studies will elucidate whether there is any overlap in the modes of action of these ABC transporter pairs.
The mechanism by which ABCG1 mediates cholesterol efflux is not known. We do not yet know whether direct interaction between ABCG1 and acceptor particles is necessary for efflux, as has been suggested for ABCA1. The fact that the transporter distributes partially to the cell surface, similar to ABCA1, suggests that it might function there, acting either to facilitate aqueous diffusion-controlled efflux by binding acceptor particles or by directly altering cholesterol distribution in the plasma membrane. Vaughan et al 11 showed that inducible overexpression of ABCG1 in BHK cells increases a cholesterol-oxidase sensitive cholesterol pool that can be accessed by HDL. Their inducible overexpression of ABCA1 using the same cell system also increased a cholesterol oxidase sensitive cholesterol pool accessible by apoA-I, but not by HDL phospholipids. This might suggest that different membrane domains, albeit both accessible to cholesterol oxidase, may be involved in ABCA1 versus ABCG1-mediated cholesterol efflux. We have shown that in macrophages apoA-I first interacts with lipid raft domains, depleting this rapidly accessible pool of cholesterol. 25 Subsequent efflux from a slower pool of cholesterol, possibly of nonraft origin, may be involved in the further lipidation of the nascent HDL particles via ABCG1. These concepts are currently under investigation.
It was previously reported that ABCA1 facilitates cholesterol efflux to lipid-free/poor apoAI, whereas ABCG1 functions with spherical HDL. Previous studies as well as our results showed that HDL 2 was more efficient than HDL 3 as a cholesterol acceptor, which may be explained by the relatively higher phospholipid-to-protein ratio of HDL 2 . Phospholipid-only containing acceptors were also able to induce ABCG1-mediated cholesterol efflux, although less efficiently than apoA-I containing acceptors matched for PL content. Significantly, the acceptor phospholipid content was shown to be highly correlated with its capacity to induce ABCG1-mediated cholesterol efflux. These results may help to explain, in part, the inverse correlation found in several studies between HDL phospholipid content and risk of atherosclerosis. 26, 27 Importantly, ABCG1 was effective in cholesterol export even at much lower PL-to-apoA-I ratios than found in mature HDL. Thus, ABCG1 may play an important role in cholesterol export from peripheral tissues where poorly lipidated "pre-␤" apoA-I may predominate over HDL as an acceptor. The importance of acceptor phospholipid for efflux via ABCG1 has parallels with previous studies of cholesterol efflux via scavenger receptor BI (SR-BI). 28, 29 Because ABCG1 is induced by the same transcriptional processes as ABCA1 and, like ABCA1 but unlike SR-BI, 30 is upregulated in response to cellular cholesterol accumulation in macrophages, we propose that ABCG1 is most likely to cooperatively interact with ABCA1 in peripheral tissues. Whether ABCG1 and SR-BI act as coexistent parallel pathways of efflux to all or some phospholipid-containing acceptors requires further investigation.
The current studies present the first direct evidence to our knowledge that ABCG1 can indeed form homodimers, using ABCG1 constructs with 2 different tags, an approach that has been used successfully for other ABC half-transporters. 31, 32 Homodimerization is supported by the fact that overexpression of ABCG1 alone has a functional outcome. Furthermore, Vaughan et al showed that cross-linking of ABCG1 in overexpressing cells produced a product that had twice the molecular weight of ABCG1. 11 Nonetheless, it is possible that other potential partners for ABCG1 may exist, depending on tissue expression of other ABCG transporters. One such transporter may be ABCG4, although in macrophages its expression level is low compared with ABCG1, even after liver x receptor (LXR) activation. 10 In summary, we have shown that acceptors for ABCG1-mediated cholesterol export can be generated from incubation of cells with lipid-free apoA-I through the action of ABCA1. Moreover, we showed that the phospholipid content of the acceptor was strongly correlated with its cholesterol efflux inducing capacity. These results imply a possible synergistic relationship between ABCA1 and ABCG1 in tissue macrophages. It also suggests that ABCG1 may make a major contribution, in concert with ABCA1, to cholesterol export to lipid-free/poor apoA-I.
